The reducing clade IIb polyketide synthase gene, pks14, is preserved throughout the evolution of entomopathogenic fungi. We examined the functions of pks14 in Beauveria bassiana using targeted gene disruption, and pks14 disruption was verified by Southern blot and PCR analyses. The radial growth, cell dry weight and conidial germination of pks14 were comparable to that of the wild type. Our sequence and gene expression analyses of the pks14 biosynthetic cluster demonstrated: (i) cotranscription and constitutive expression of nearly all the genes of the aforementioned cluster including the C 2 H 2 zinc finger transcription regulator gene, but not pks14 and the cytochrome P450 gene; (ii) expression of the pks14 gene in the insect-containing culture condition only; and (iii) a KAR9-like gene in direct proximity with pks14 is the only gene showing co-regulation. The pks14-infected Spodoptera exigua larvae survived significantly longer than those infected by the wild type, indicating a marked reduction in the virulence of pks14 against the insect. LT 50 of pks14 was increased by 1.55 days. Hyphal body formation was decreased in the hemolymph of insects infected by pks14 as compared with those inoculated by the wild type. Our results suggest that PKS14-catalyzed polyketide enhances virulence and pathogenicity of B. bassiana on insects.
INTRODUCTION
Beauveria bassiana, an entomopathogenic fungus, is a wellknown biological control agent for agricultural insect pest management and a microorganism model used to study insectfungus pathogenic interaction (Cho et al. 2006; Westwood, Huang and Keyhani 2006) . B. bassiana infects insects via attachment to the hosts. The fungal conidia then germinate, penetrate through the cuticle and spread as hyphal bodies (yeast-like cells) in the insect hemolymph (Amnuaykanjanasin et al. 2013) . The fungus continues to proliferate rapidly as hyphae, and eventually covers the insect cadaver (Valero-Jiménez et al. 2017) . A successful invasion into an insect host requires a combination of (i) mechanical damage resulting from tissue invasion, (ii) toxicosis, which is the production of toxins that overcome the host's immune response and thus enable fungal growth, and (iii) host depletion of nutrient resources (Gillespie and Claydon 1989) .
Entomopathogenic fungi are rich in secondary metabolites including polyketides and nonribosomal peptides (Isaka et al. 2005; Molnár, Gibson and Krasnoff 2010) . Secondary metabolites can serve as immunosuppressants or toxins, which can overcome cellular defence systems and therefore assist pathogenic fungi to invade the hosts (Gillespie et al. 2000) . Some secondary metabolites have been reported as insect virulence factors thus highlighting their roles in insect pathogenesis. The red polyketide oosporein supports B. bassiana to evade host immunity (Feng et al. 2015) . The cyclooligomer nonribosomal depsipeptides bassianolide and beauvericin were demonstrated as significant virulence factors against some insect hosts (Xu et al. 2008 (Xu et al. , 2009 .
A comparative study of secondary metabolite biosynthetic clusters from various fungal genomes showed that entomopathogenic fungal genomes have more secondary metabolite clusters than other fungi of different niches (Wang, St Leger and Wang 2016) . In our previous phylogenetic study of polyketide synthase (PKS) genes from fungal entomopathogens (Amnuaykanjanasin et al. 2009 ) and expression analysis of such genes in B. bassiana BCC 2660 (Punya et al. 2015) , PKSs in the reducing clade III and the reducing clades IIa and IIb (two paralogous enzymes) were found in entomopathogenic fungi only. Our recent study shows that the reducing clade III PKS gene pks15 is important for insect pathogenesis (Toopaang et al. 2017) . Interestingly, pks14 (subclade IIb) and pHy9 (IIa) were only expressed in conditions that contain insect tissue (Punya et al. 2015) . These results suggested a role for PKS genes pks14 and pHy9 in insect pathogenesis.
In this study, we performed a functional analysis of pks14, a gene from the reducing clade II. The PKS gene was successfully disrupted with the bialaphos resistance (bar) gene in B. bassiana BCC 2660 using Agrobacterium-mediated transformation. Virulence against insect, fungal development within the insect hemolymph, and in vitro growth were investigated in pks14-null mutants.
MATERIALS AND METHODS

Fungal and bacterial cultures and DNA plasmids
B. bassiana BCC 2660 was obtained from the BIOTEC Culture Collection, Thailand. The fungal cultures used in all experiments were maintained on a half-strength potato dextrose agar (PDA) and incubated at 25 to 28
• C for 5-7 days. For genomic DNA isolation, the fungus was shaken at 150 rpm in Sabouraud dextrose broth supplemented with yeast extract (SDY) at 25 to 28
• C for 4 days. The Escherichia coli strain JM109, which served as routine cloning, was cultivated and maintained in Luria Bertani (LB) agar or broth, whereas E. coli-carrying plasmids pCAMBIA1300 (CAMBIA, Australia) or pCB1534 (Fungal Genetic Stock Center, USA; Sweigard et al. 1997) were cultivated and maintained in LB containing 50 μg·ml −1 kanamycin or 100 μg·ml −1 ampicillin, respectively. For fungal transformation, Agrobacterium tumefaciens EHA105 strains, both with and without pks14-disruption plasmids (see the following section, Construction of the pks14-disruption plasmid), were cultivated and maintained in LB and LB with 50 μg·ml −1 kanamycin, respectively.
Growth under different stress conditions was performed as follow: 2 × 10 6 conidia were inoculated into 50 ml SDY and shaken (150 rpm) at 25 • C for 3 days. The resultant blastospores were collected by centrifugation and resuspended in 70 ml SDY containing either 30 or 50 mM H 2 O 2 (oxidative stress), 3 or 6% NaCl (saline stress), or at 35 or 40
• C (heat stress). For oxidative and saline stress conditions, cultures were shaken at the same parameters as above. For the heat stress condition, cultures were incubated in a water bath at the indicated temperature and agitated occasionally. The incubation time period under these stress conditions were 1-2 h. We set up an insect-containing culture condition in which the insect tissues served as the only source of carbon and nitrogen for fungal growth. Two grams of beet armyworm (Spodoptera exigua) were blended in 3 ml of phosphate-buffered saline buffer supplemented with 0.35 mg·ml −1 streptomycin and 0.05 mg·ml −1 tetracycline. Then 20 μl of B. bassiana conidial suspension at a density of 1 × 10 8 conidia·ml −1 was inoculated to the insect preparation and incubated at 28
• C for 5-7 days.
Construction of the pks14-disruption plasmid
B. bassiana BCC 2660 genomic DNA was extracted as described previously (Reader and Broda 1985) . To generate the disruption vector, pCAMIIBar, a genomic region from the 5 noncoding sequence of pks14 was amplified from the B. bassiana BCC 2660 genomic DNA with PKS14-5NC-574F-Eco and PKS14-2663R-eKpn; the introduced EcoRI and endogenous KpnI sites were included, respectively. The pks14 fragment was ligated to the plasmid pCAMBIA1300 restricted at EcoRI and KpnI sites. The selectable marker bar cassette was amplified from the plasmid pCB1534 with SacI-containing primers, Bar-F-Sac and Bar-R-Sac; the SacI site was included. The bar cassette was then inserted into the pks14 fragment at the unique SacI site, thus obtaining the pks14-disruption vector, pCAMIIBar (Fig. 1A) 
Targeted disruption of pks14
Agrobacterium-mediated transformation of this fungus with the disruption plasmid pCAMIIBar was conducted as previously described (Srisuksam et al. 2015) . Transformants were screened for the integration of bar in pks14 using PCR and Southern analyses. For PCR analysis, three PCR amplifications were performed to determine pks14 disruption. The first pair of primers located outside the disruption cassette, PKS14-5NC-739F and PKS14-2876R, amplified a 3651 bp pks14 fragment in wild type, and a 4673 bp product in disruptants (Fig. 1B) . For amplification of the border regions between pks14 and the bar cassette, the primer pairs, PKS14-5NC-739F/Bar-360R and PKS14-2876R/Bar-100F were used (Fig. 1B) . For Southern analysis, the pks14 probe (3240 bp) was amplified from B. bassiana genomic DNA using primers PKS14-5NC-574F and PKS14-2663R-eKpn (Fig. 1B) , and labelled using the Amersham AlkPhos Direct Labelling Module (GE Healthcare Life Sciences, USA) according to the manufacturer's Figure 1 . Disruption of pks14 in B. bassiana BCC 2660: (A) schematic diagram of targeted disruption of pks14 using the bar cassette at the SacI site, which is 566 bp after the start codon; (B) PCR analysis of the bar integration in pks14 using three different pairs of primers: I, PKS14-5NC-739F and PKS14-2876R; II, PKS14-5NC-739F and Bar-360R; and III, Bar-100F and PKS14-2876R. The two primers PKS14-5NC-739F and PKS14-2876R are located outside the disruption cassette; (C) PCR products from three amplifications: I, II and III. Lanes: M, a GeneRuler TM 1 kb plus DNA ladder; WT, wild type; B6, B45 and B49 are pks14 mutants; and B22, a wild type-like transformant; and (D) Southern blot hybridization of two pks14 mutants B6 and B49 and the wild type using a pks14 probe (as indicated in (B)). Genomic DNA was digested with KpnI. Sizes of DNA markers are shown in bp on the left.
instructions. Both the wild type and pks14 mutants' genomic DNAs were prepared as described above. Then the genomic DNA was digested to completion with KpnI and separated by electrophoresis in 1% agarose gel. The DNA was transferred and cross-linked to a Hybond N+ nylon membrane (GE Healthcare Life Sciences). Membrane hybridization with the labelled-pks14 probe was performed at 55
• C overnight. The hybridized membrane was washed twice at 55
• C and incubated with CDP-star detection reagent (GE Healthcare Life Sciences). The bands were detected by exposing the membrane to X-ray film (Hyperfilm TM ECL; GE Healthcare Life Sciences) for 1 h.
Radial growth rate, biomass and conidial germination analyses
Radial growth was determined as follows: aerial conidia were harvested in a saline solution (0.85% NaCl) from B. bassiana wild type and mutant strains were grown on PDA. The density of each conidial suspension was adjusted to 1 × 10 7 conidia·ml −1 . A 5 μl suspension was then inoculated at the centre of a petri dish. Colony diameters were measured daily for 10 days. The data shown are an average from two perpendicular measurements. There were 10 replicates for each strain, and the experiment was carried out twice. Fungal biomass was determined as follows: 5 μl of the above suspension was inoculated at the centre of cellophane overlaid on PDA agar. Colony biomasses were measured daily for 9 days. At each time point, the cellophane was lifted from the agar, and the fungal colony was gently dislodged from the cellophane and dried in an oven at 80
• C. The cell dry weight was determined in milligrams (Reeslev and Kjoller 1995) . There were triplicates for each strain, and the experiment was carried out twice. Conidia were harvested from PDA and incubated in 200 μl of 5% (v/v) of full-strength potato dextrose broth (PDB) at a density of 10 5 conidia·ml −1 on a glass slide. Each slide culture was placed above two toothpicks in a petri dish to which 10 ml of water was added to avoid dehydration and incubated at 28
• C for 16 h. Conidial germination was determined in percentage by counting the number of germinated conidia relative to the total number of conidia. There were triplicates for each strain, and the experiment was carried out thrice.
Gene expression analyses of the pks14 cluster genes under different stress conditions and in an insect-containing culture condition
The total RNA of fungus B. bassiana BCC 2660 grown in six stress conditions and in one insect culture condition (see the earlier section, Fungal and bacterial cultures and DNA plasmids), were extracted using Ambion TM TRIzol Reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. Any remaining genomic DNA was removed using Ambion TM DNase I (Thermo Fisher Scientific) before performing the first-strand cDNA synthesis. First-strand cDNA was synthesized by mixing the following components: 2 μg of total RNA, 1 x reverse transcription buffer, 5.5 mM MgCl 2 , 2 mM of each dNTP, 2.5 μM random hexamers, 1 U RNase inhibitor, and 2.5 U RevertAid First-strand cDNA from each sample was used in PCR amplification with each of 13 cluster genes-specific primers and a housekeeping gene, β-tubulin, using DreamTaq Green PCR Master Mix (Thermo Fisher Scientific). The sequences of these pks14 cluster-specific primers are provided in Supplementary  Table S1 . Thermal cycling was performed using Bio-Rad's C1000 (USA) with the following conditions: 1 min at 95
• C, 35 cycles of 30 s at 94
• C, 1 min at 55
• C, and 1 min at 72
• C, with a final session at 72
• C for 3 min. Genomic DNA was included as a control, which can distinguish the sizes of genomic DNA and mRNA products for the genes that have at least one intron. Two control sets were used in which the fungus was grown for either 1 or 2 h in SDY media without applying stress conditions. Quantitative PCR (qPCR) was also conducted to determine the expression of the C 2 H 2 zinc finger gene under different stress conditions. Reverse transcription was performed as described above. Quantitative PCR was conducted using SYBR R Green Master Mix (Thermo Fisher Scientific) by Bio-Rad's CFX96. The thermal cycling sequence was as follows: 10 min at 95
• C, 39 cycles of 15 s at 95
• C, 30 s at 55
• C, and 30 s at 72
• C. The β-tubulin gene was used as an internal control. Fold-change relative to B. bassiana grown in SDY was calculated according to the 2-CT method (Livak et al. 2001) . The RT-(q)PCR experiments were carried out four times.
Insect virulence assay
Conidial suspension at 1 × 10 5 conidia·ml −1 was prepared as described above. Three μl of the conidial suspension was directly injected into the hemocoel of beet armyworm (S. exigua) larval stages 3-4 using the specialized needle (33-gauge)-syringe set (Hamilton, USA) and transferred individually to a 6-well petri dish. A control was the set of beet armyworms that were injected with saline. Ten insect larvae were injected for each fungal strain in each replicate. There were triplicates for each fungal strain and the experiment was carried out thrice. Survival of beet armyworm was checked daily for 7 days.
Assay for hyphal body formation in the insect hemolymph
Three beet armyworm larvae were injected with the conidial suspension (1 × 10 5 conidia·ml −1 ) as described above.
The hemolymph was taken from each larva for microscopic observation at 48, 60 and 72 h post-inoculation. 
Statistical analysis of experimental data
All experiments in this study were carried out two or three times. For each independent experiment, there were triplicates for each fungal strain. Pairwise comparisons of the data between the wild type and the pks14 mutant were analyzed using Student's t-test, and P < 0.05 was deemed to be statistically significant. For the insect assay, survival data were plotted using the Kaplan-Meier method and comparisons between strains were analyzed using the Log-rank test (GraphPad Prism version 7.04). LT 50 were determined using Probit analysis (SPSS package version 11.5).
RESULTS
The reducing clade IIb PKS gene pks14 in B. bassiana BCC 2660
The 387-bp original pks14 fragment of accession number KM459531 was obtained previously by PCR amplification from B. bassiana BCC 2660 (Punya et al. 2015) . Using the recent genome sequence of our B. bassiana strain, BCC 2660 (GenBank accession number MWYT00000000.1; Toopaang et al. 2017) , the gene pks14 has an open reading frame (ORF) of 7260 bp and putatively has no genome. The putative protein of pks14 has 2419 amino acids and consists of ketosynthase (KS), acyltransferase (AT), dehydratase (DH), ketoreductase (KR), and acyl carrier protein (ACP) domains from N-terminus to C-terminus ( Fig. 2A) , suggesting that it is a highly reducing (HR) PKS. PKS14 has a strong similarity to its PKS homologs in B. bassiana D1-5 and ARSEF2860 at 99 and 97% identities, respectively. It also shows moderate similarity (44% identity) to a Penicillium expansum male sterility protein (accession number XP 016593454.1). We performed the search for secondary metabolite biosynthetic clusters in the contig BBA2660 28 using AntiSMASH (Medema et al. 2011) . The pks14 biosynthetic cluster had been predicted to be located, intriguingly, near the pks15 cluster, while the pks15 gene is crucial for insect virulence in this fungus (Toopaang et al. 2017) . The pks14-pks15 inter-cluster region is 123 kb. In the pks14 cluster, there are 12 other ORFs. Among these ORFs, a gene for trans-acting enoyl reductase gene (accession number MG676352) is located next to and at the 5 region of pks14. Other ORFs in the pks14 cluster include the ferricchelate reductase gene Fre2 (accession number MG676345), the peptidase family M3 gene (MG676346), the hypothetical protein ORF3 (MG676347), the monooxygenase gene (MG676348), the nonribosomal siderophore synthetase gene SidC (MG676349), the LCCL domain-containing gene (MG676350), the cytochrome P450 gene (MG676351), the hypothetical protein ORF10 (MG676354), the DNA helicase gene (MG676355), the ATP-binding L-PSP endoribonuclease gene (MG676356), and the C 2 H 2 zinc finger gene (MG676357) (Fig. 2B) .
Disruption of pks14 in B. bassiana BCC 2660 and verification
Ninety transformants were obtained from Agrobacteriummediated transformation with the pks14-disruption cassette. After the selection on bialaphos (glufosinate)-containing media, 12 transformants were screened for the integration of bar in the PKS gene using three different PCR analyses. In the first PCR analysis, we used the primers located outside the disruption cassette. This primer pair, PKS14-5NC-739F and PKS14-2876R, amplified a 3651 bp PCR product from the wild type and transformant B22, but a larger product of 4673 bp in transformants B6, B45 and B49 (Fig. 1C, image I) . B6, B45 and B49 were thus confirmed as the pks14-null mutants, whereas B22 contained an ectopic integration of the disruption cassette only. Two other PCR amplifications were conducted to further verify the bar integration in pks14. Of these two primer pairs, one was the pks14-specific primer and another was bar-specific. In the amplification using the primer pair PKS14-5NC-739F and Bar-360R, a 2057 bp band was amplified in B6 and B49 but not in the wild type and B22 (Fig. 1C, image II) . In the amplification using the primer pair Bar-100F and PKS14-2876R, a 2854 bp band was amplified in the aforementioned disruptants only (Fig. 1C,  image III) . Southern blot hybridization further demonstrated that the pks14 probe hybridized to a single band of 4.3 kb in B6 and B49, in contrast to a hybridized band of 3.2 kb in the wild type (Fig. 1D) . The Southern result indicated that the pks14 locus was interrupted by the bar cassette, and there were no ectopic integrations in the mutants' genomes. These PCR and Southern results confirmed the integration of bar cassette in pks14 in mutants B6 and B49, giving pks14 mutants. 
The pks14 mutant had a similar growth and development to the wild type
The wild type and pks14 mutant showed the same growth characteristics in terms of colony shape, border and coloration. The pks14 mutant also had similar radial growth to the wild type throughout the 9-day observation period in culture. At the final time point (the 9 th day), the pks14 mutant and wild type grew to 30.4 ± 0.2 and 28.7 ± 1.2 mm in diameter, respectively (Fig. 3A) . When the fungal biomass was determined, similar growth of the wild type and the mutant were also observed throughout the 6-day observation period post-inoculation. Biomass on the 9 th day showed no significant difference between the wild type and the mutant-an average of 24.5 ± 6.5 and 20.1 ± 1.3 mg for the pks14 mutant and the wild type, respectively (Fig. 3B) . Conidial germinations were 99.9 ± 0.002% and 99.5 ± 0.006% in pks14 and the wild type, respectively (Fig. 3C) . Our results showed a small yet insignificant (P > 0.05) effect of pks14 disruption on B. bassiana physiology.
Two distinct gene expression patterns in the pks14 biosynthetic cluster
Our expression analyses of the pks14 cluster genes revealed two distinct gene expression patterns. In the first expression pattern, under oxidative, saline or heat stress, 11 out of 13 genes in the cluster showed a constitutive gene expression pattern similar to the expression pattern in a standard culture medium. These constitutively expressed genes included Fre2, the peptidase M3 gene, the hypothetical protein ORF3, the monooxygenase gene, SidC, the LCCL domain gene, the hypothetical protein ORF10, the DNA helicase gene, the ATP-binding endoribonuclease gene, and the C 2 H 2 zinc finger gene (Fig. 4A ). In the insectcontaining culture, the hypothetical protein gene ORF10 was highly up-regulated, while Fre2, the monooxygenase gene, the LCCL domain-containing gene and the DNA helicase were noticeably down-regulated, as compared with the stress and standard culture conditions. In the second gene expression pattern, the other two genes in the cluster, pks14 and the cytochrome P450 gene, were not expressed in a standard culture and all the tested stress conditions. The gene pks14, however, was expressed in the insect-containing culture (Fig. 4A) .
To exclude the possibility that the constitutive expression pattern of the 11 cluster genes was due to PCR saturation, we selectively determined expression levels of the potential transcription regulator of the cluster, C 2 H 2 zinc finger gene, under the stress conditions. Our RT-qPCR data indicated that the transcription regulator gene was significantly up-regulated by 1.25-1.45-fold under the heat stress at 35
• C for 2 h (P < 0.05) and 40
• C for 1-2 h (P < 0.01) and under the saline stress as induced by 3% NaCl (P < 0.001), when compared with a non-stressed control (Fig. 4B) . By contrast, the regulator gene was significantly repressed under oxidative stress conditions as induced by 30 and 50 mM H 2 O 2 , respectively (P < 0.001) (Fig. 4B) . bassiana cultured under various stress conditions: heat, oxidative and saline, as well as in an insect-containing culture condition. Genomic DNA was included as a control. The two control sets were for the fungus grown in SDY, and also the similar time periods for the stress treatments. The tubulin gene was included as a reference gene. For genes that putatively contain intron(s) by sequence analysis, the number of intron(s) is indicated in parenthesis; and (B) RT-qPCR of the C2H2 zinc finger gene expression under heat, oxidative or saline stress. Data shown are mean ± s.e.m. from four independent experiments. Significance levels (Student's t-test): * P < 0.05; * * P < 0.01; * * * P < 0.001.
The pks14 mutant had a marked reduction in insect virulence against beet armyworm
We compared the virulence against beet armyworm of two pks14 mutants, B6 and B49, with that of the wild type. Our survival analysis indicated significant differences among strains tested (Log-rank test, χ 2 = 32.49, d.f. = 2, P < 0.001) (Fig. 5) .
In comparison between two given strains, the pks14 mutant B6-inoculated insects survived longer than those inoculated by wild type (hazard ratio, 0.5611, 95% confidence interval [CI], 0.4543-0.6929, P < 0.001). Similarly, the mutant B49-inoculated insects stayed alive longer than those inoculated by wild type (hazard ratio, 0.6471, 95% CI, 0.5269-0.79460, P < 0.0001). Furthermore, the mutants had a higher LT 50 by 1.5 to 1.8 days (3.77 vs. 5.57 and 5.28 days in wild type and mutants B6 and B49, respectively).
The decreased hyphal body formation in the pks14 mutant
The formation, development and timing of hyphal body formation was compared between the wild type and the pks14 mutant. For larval injection with the wild type conidia, the hyphal bodies were first observed at 48 h post-inoculation (60-140 hyphal bodies·ml −1 ) in the insect hemolymph. By contrast, hyphal bodies were not detected in the pks14-inoculated hemolymph at this time point (Fig. 6A) . Next, at 72 h post-inoculation, both wild type and the mutant's hyphal bodies multiplied rapidly from 10 4 to 10 5 cells·ml −1 in the hemolymph. Nevertheless, the pks14 hyphal body number was reduced compared with the wild type by 33 to 37% (Fig. 6A) . Mycosis caused by pks14 mutants noticeably decreased as compared with the B. bassiana wild type.
In addition, microscopic observation further demonstrated that the wild type formed more hyphal bodies in the hemolymph than the pks14 mutant (Fig. 6B) . In the B. bassiana wild typeinoculated hemolymph, several deteriorating hemocytes could be clearly observed (Fig. 6B) , similar to the degrading appearance of Acanthamoeba castellanii that engulfed B. bassiana wild type (Toopaang et al. 2017 ). Yet, the pks14-infected insect hemolymph had markedly fewer deteriorating hemocytes. For comparison, the saline-injected larvae contained a number of different types of hemocytes, including granulocytes and adipohemocytes (Fig. 5B) .
DISCUSSION
To date, only a few secondary metabolite biosynthetic clusters were genetically determined for their roles in insect pathogenesis by targeted gene disruption. Specifically, colleagues in 2008 and reported that the B. bassiana nonribosomal peptide synthetase (NRPS) genes bbBeas and bbBsls that are essential for biosynthesis of beauvericin and bassianolide, respectively, are important for insect virulence (Xu et al. 2008 (Xu et al. , 2009 . Furthermore, Feng's team as well as Toopaang's team reported that two PKS genes, the oosporein synthase gene Ops1 (Feng et al. 2015) and the reducing clade III PKS gene pks15 (Toopaang et al. 2017) , are important for insect pathogenesis. In this study, we demonstrated the role of another B. bassiana PKS gene, pks14, in insect pathogenicity and virulence.
Our sequence and gene expression analyses of the pks14 biosynthetic cluster of B. bassiana BCC 2660 genome led to five important findings: (i) nearly all cluster genes, except pks14 and the cytochrome P450 gene, could belong to the same biosynthetic cluster based on their co-transcription; (ii) pks14 and the KAR9-like gene (orf10) were co-regulated and induced (or further induced to a high level for orf10) upon the presence of insect tissue. Our stress study shows that neither oxidative, saline nor heat stress could induce expression of pks14, as postulated. It is speculated that the pks14 expression and function, as well as the strong induction of orf10 expression, are regulated by another transcription factor (TF) outside the biosynthetic cluster, likely induced by insect tissues or insects; (iii) expression of orf10 was exceptionally high and markedly up-regulated in the insect-containing culture condition. This short (147-amino-acid) encoded protein has a conserved domain similar to the yeast cortical protein KAR9 in Saccharomyces cerevisiae, a cytoskeletal protein required for karyogamy and budding (Beach et al. 2000) . In the insect hemolymph, B. bassiana yeast-like hyphal bodies are the primary infection form that reproduce by budding. Upregulation in the insect-containing culture condition suggests that the KAR9-like orf10 might have a role in the budding of B. bassiana in insect hosts, possibly in association with hyphal body formation; (iv) Cys 2 His 2 zinc finger proteins are in one prominent TF superfamily in fungi (Shelest 2008) . The transcription regulator AmdA contains two C 2 H 2 zinc finger motifs and is expressed constitutively at low levels under growth conditions in Aspergillus nidulans (Lints, Davis and Hynes 1995) . The constitutive expression pattern of A. nidulans amdA might resemble that of the B. bassiana BCC 2660 C 2 H 2 zinc finger gene in the pks14 cluster. Our RT-qPCR data of the zinc finger gene expression suggested that the regulator gene might be induced by heat and saline stresses, but the induction level is marginal, and could be suppressed by oxidative stress. Nonetheless, further experiments are needed for investigating the impacts of these transcriptional patterns on the virulence or fungal development; (v) pks14 cluster contains a separate enoyl reductase gene, which could be an accessory enzyme that is capable of reducing an unsaturated thiolester to a full saturation. For pyridine biosynthesis in B. bassiana, a trans ER gene tenC or dmbC is essential for the programming of tenellin or desmethylbassianin biosynthesis, respectively (Heneghan et al. 2011) . In lovastatin biosynthesis, the trans-acting ER gene lovC controls the highly specific reduction of the three keto groups out of eight possible intermediates (Ames et al. 2012) .
The finding that pks14 and the cytochrome P450 gene are not part of the biosynthetic cluster and not under the control of the C 2 H 2 zinc finger protein (the only TF in the cluster) is surprising. Furthermore, pks14 and orf10 appear to be regulated or coregulated by a second TF from an unknown region of the genome (Fig. 2B) . We speculate that these results could be accounted for by the existence of an intertwined supercluster of secondary metabolite biosynthesis in this genomic region (Wiemann et al. 2013) . Genes, in general, are contiguously arranged in one cluster for the biosynthesis of a certain compound. The supercluster has an intertwined arrangement of two or more biosynthetic clusters in a genomic region, needed for the production of two or more compounds. Other secondary metabolite biosynthesis genes (e.g. sterigmatocystin 8-O-methyltransferase) are found at 90 kb upstream of the pks14 cluster in the B. bassiana BCC 2660 genome. In addition, a laeA homologue is present in this region. Further studies are required to elucidate a potential interplay with PKS14.
In summary, while the pks14 mutant was unaffected in growth and development, it had markedly reduced virulence against insects. Our comparative insect bioassay strongly suggests that PKS14 is an insect virulence factor in the tested larval model system. To further elucidate the roles and mechanisms of this PKS in insect pathogenesis, overexpression of pks14 or heterologous expression of this PKS gene in another microbe that has little metabolic background noise, followed by metabolomics analysis, should provide a deeper insight of pks14 in host-pathogen interaction. Future identification of this PKS14 metabolite can lead to an understanding of the ecological role of this group of fungal secondary metabolites and should help in widening the utilization of B. bassiana in biological control.
